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Driven by potential applications, such as cargo transportation (drug delivery) and biosensing,
catalytic microengines have been shaped into tubular geometries with embedded catalytic
and functional materials. The microengines harvest chemical energy from catalytic and
biocatalytic reactions to realize autonomous locomotion at low Reynolds number, mimicking
natural biomotors. The motion dynamics of these tubular microengines can be well-analyzed

by a developed body-deformation model. The composition and morphology of the

microengine play a key role in its overall performance and capabilities. This article highlights
recent advances in the preparation of tubular microengines, related material considerations,
and in their motion (speed and direction) control and functionalization towards a wide range
of important practical nanoscale applications.

Introduction

Controlled locomotion of micro-/nano-
scale objects is of great importance since it
is a fundamental step to realize micro-/
nano-electro-mechanical systems which
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may enable applications in electronics,
photonics, bioengineering, drug delivery,
nanomachinery, or nanoscale assembly.'-?
However, this may be challenging, mainly
due to two factors. First, the Brownian
motion becomes significant at such small
scale, which may even dominate the
movement of the object. Second, the
influence originating from viscous force
becomes large, especially in the fluid. This
effect is quantitatively evaluated by the
Reynolds number Re = pvD/n, where D is

the dimension of the object, and p and 7
are the density and viscosity of
surrounding medium, respectively.* For
a micro/nano object in a fluid with a large
viscosity, Re has a very small value,
indicating that inertia plays an almost
negligible role.? The coasting time and the
corresponding distance are extremely
short and external forces must be exerted
to maintain the locomotion.®* Conven-
tional approaches to manipulate small
objects require application of external
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fields such as electric or magnetic fields,**
that are not capable to move the objects
individually. Alternatively, optical twee-
zers are engaged to transport individual
small objects using light intensity
gradient, but this method needs special
setup and is rather time-consuming.”® In
fact, nature has built sophisticated bio-
structures through millions years of
evolution to harness chemical energy
from the environment for motion.>'® For
instance, kinesin obtains energy from
hydrolysis of energy-rich adenosine
triphosphate (ATP) molecules to induce
conformational changes and directional
motion on microtubules.’' Research
efforts have been devoted to produce
hybrid microdevices utilizing protein-
based biological motors. However, their
limited lifetime in vitro and the narrow
range of environmental conditions they
can tolerate are also noticed.® Thus,
preparing artificial autonomous micro-
engines, mimicking the mechanism of bi-
omotors, is therefore of great interest
since external fields are no longer needed
and tasks can be performed by “smart”
microengines via self-assembly. Several
man-made microengines powered by
catalytic reactions have so far been real-
ized. These microengines are faster and
stable although the structures are less
complicated. Motivated by Whitesides’s
early work where a plate is self-propelled
by O, bubbles from Pt-catalytic decom-
position of H,0,,'* pioneering studies
demonstrated that metallic hetero-
structures (e.g. bi-metal nanorods and
sphere dimers) can serve as micro-/nano-
engines in the presence of a H,O, fuel. >
Preparation of other micro-/nano-engines
from non-metal materials was also

reported.’?® Despite substantial efforts
aimed at understanding the mechanism of
autonomous motion behaviors of those
engines, controversies still exist among
different deduced mechanisms based on
independent experiments,®-13:14.18:21
Compared to rod- or sphere-based
micro-/nano-engines, recently introduced
autonomous tubular microengines* are
considered to be the newest generation
and offer distinct advantages. It is already
well established that the motion mecha-
nism of these tubular microengines
involves a bubble-induced self-pro-
pulsion.??* Such microengines have
already received an enormous attention
owing to their fast motion speed (up to
3 mm s ')* and salt-independent motion
behavior,?* which cannot be observed in
rod- or sphere-based micro-/nano-engines
and thus hold considerable promise for
important potential biomedical applica-
tions.?* So far the tubular microengines
were prepared via template-assisted elec-
trosynthesis®»** and rolled-up tech-
nology.?****” The resulting micro-/nano-
tubular structure with diameter ranging
from tens of nanometres to tens of mi-
crometres are of benefit to design and
manufacture autonomous microengines
for future applications. As illustrated in
Fig. 1(a), tubular microengines can be
functionalized with bioreceptors for
isolation of certain biomaterials.?¢*” In
addition, the design sketch in Fig. 1(b)
schematically shows the structure of
a conceptual “smart” microengine
system, where the left part integrates
a microengine and a battery, and the right
part acts as an antenna as well as a mi-
croengine.?® A steering unit manipulated
by the controller can change the
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movement of the system when the
antenna receives a “command”. In addi-
tion, such “smart” systems can commu-
nicate with each other while performing
complicated transportation tasks. For
instance, the front end of the flat area is
designed for a sensor and a drug delivery
component (Fig. 1(b)). A microengine
with  dual microtubular  structure
(Fig. 1(c)) as the first step towards this
“smart” system has already been re-
ported.? Overall, the high propulsion
power in biological media, precise direc-
tion control, and ease of surface func-
tionalization of tubular microengines
have made these microscale motors
extremely attractive for a wide-range of
applications.

In this highlight article, we discuss
recent studies related to the catalytic
tubular microengines that provide
a deeper understanding regarding the
materials selection, chemistry and motion
mechanism of the self-propulsion at low
Reynolds number. The controllability
and potential applications of these cata-
lytic tubular microengines will also be
discussed.

Tubular geometries

Template-assisted synthesis.
Template-assisted  electrosynthesis  is
quite common in micro-/nano-fabrica-
tions. Two different template electrode-
position protocols have so far been
reported for preparing catalytic micro-
engines.**?* The first one is a conical Ag
microwires onto which other metals can
be easily electrodeposited to form coaxial
structures.** Subsequent dissolution of
the Ag wires leads to microtubular struc-
tures with inner diameters equal to the
outer diameters of the Ag wires. The
second recently reported template prepa-
ration route involves a commercial cy-
clopore polycarbonate membrane.?® The
template provides an attractive asym-
metric structure by using one portion of
the double cone (Fig. 2(a)), where aniline
monomers are initially polymerized on
the inner wall, leading to a rapid forma-
tion of a polyaniline (PANI) film. A Pt
layer is subsequently plated inside the
PANI tube wusing a galvanostatic
method,”® as show in the schematic
diagram in Fig. 2(a). The conical PANI/
Pt bi-layer microtube is ultimately ob-
tained after the template dissolution. A
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Fig.1 (a) Microengines for selective loading and transportation of cancer cells. Upon encountering
the cells, the microengines functionalized with anti-carcinoembryonic antigen (anti-CEA) mono-
clonal antibody (mAb) recognize the CEA surface antigens on the target cancer cells, allowing their
selective loading and transportation. The top-right and bottom-left insets illustrate the structure of
the as-modified microengines. Reproduced from ref. 26. (b) Proposed sketch for “smart” micro-
engine system. The main components are two microtubular structures, where the left one integrates
a microengine and a battery, and the right one acts as an antenna as well as a microengine. The
controller is positioned in between. The front end of the flat area is occupied by a sensor and a drug
delivery component. Adapted from ref. 28. (c) Dual microtubular structure which may work as dual

microengine. Adapted from ref. 29.

typical microtube has a defined geometry
with outer diameters of 2 and 1.1 pm,
inner diameters of 1.5 and 0.5 pm, and
a taper angle of 3.2°.2° The cross view of
a PANI/Pt microtube is displayed in
Fig. 2(b), which shows the thicknesses of
PANI and Pt layers are 180 and 80 nm,
respectively.?

Self-rolled nanomembranes. The so-
called rolled-up technology utilizes the
intrinsic  strain gradients inside the

nanomembranes to assemble three-
dimensional micro-/nano-structures such
as microtubes and microsprings.3®3! The
strain gradient perpendicular to the
surface is introduced by lattice mismatch
in bi-layer semiconductor nanomembrane
grown on a sacrificial layer by epitaxy.3°-3¢
After selective etching of the sacrificial
layer, the nanomembrane becomes free-
standing and the strain gradient causes
the bending/rolling of the nano-
membrane. The approach was previously

Fig. 2 (a) Template-assisted fabrication of tubular structure for microengine. Polyaniline (PANI)
and Pt were electrodeposited sequentially into the commercial Cyclopore polycarbonate membrane.
(b) Cross view of a PANI/Pt microtube. Adapted with permission from ref. 25. W. Gao, S. Sat-
tayasamitsathit, J. Orozco and J. Wang, J. Am. Chem. Soc., 2011, 133, 11862. Copyright 2011

American Chemical Society.

limited to semiconductor materials
because the strain gradients are precisely
controlled in epitaxial film. Although the
controllability is not as perfect as those in
epitaxy, the existence of a strain gradient
was reported in other deposition methods
due to inherent strain or the variation in
thermal expansion.’”-*® Taking these two
factors into consideration, we recently
developed a modified approach for
making nanomembranes from a broad
range of inorganic materials and their
combinations rolling into microtubular
structures.?>*® As outlined in Fig. 3(a),*
a bi-/multi-layer nanomembrane is
deposited on photoresist layer by the
traditional approach e.g. sputtering or
evaporation, and the microtube is fabri-
cated upon removal of photoresist in
organic solvent, which hardly attacks the
inorganic nanomembrane.? The opening
of a typical microtube fabricated is
exhibited in Fig. 3(b). It is worth noting
that the photoresist layer serves not only
as a sacrificial layer but also as a medium
to transfer the designed patterns to the
deposited nanomembrane since the
photoresist layer itself can be easily
patterned by photolithography,*** and
the geometry of the microtube is tunable
via pre-shaping nanomembrane before
rolling. The important tube diameter, on
the other hand, is mainly determined by
the nanomembrane thickness and the
strain gradient therein. The later is
experimentally found to be introduced by
changes in deposition rate, base pressure,
and temperature.?

Materials for locomotion and the
dynamics

The catalytic tubular microengines are
believed to be self-propelled by the re-
coiling force of accumulated gas
bubbles.?»?42%:28:3% [n most cases, catalytic
microengines produce the required
gaseous oxygen by a chemical decompo-
sition reaction accelerated by a metallic
catalyst: 2H,O0, — 2H,O + O,. The
catalysts commonly, Ag®* or Pt2627%
must be placed as the inner surfaces of the
microtubular structures which act as
chemical reaction chambers and storage
cavities simultaneously. The typical metal
structures reported in the literature are Pt/
Au,** Pt/Ni/Au,> PANI/Pt, and PANI/
Ni/Pt* for microtubular structures fabri-
cated with the assistance of templates and
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Fig. 3 Schematic diagram of a rolled-up tubular structure for microengine. The typical structure
consists of Pt/Au/Fe/Ti muti-layer and self-rolled from a photoresist sacrificial layer. (b) SEM
images of a rolled-up microtube. Adapted from ref. 39.

Pt/Au/Fe/Ti,* Ti/Fe/Au/Ag,** Ti/Cr/Pt,*!
Ti/Co/Pt,* and Ti/Ni/Au/Pt*” for self-
rolled nanomembranes. Magnetic layers
may be incorporated to provide the
possibility of  remote  magnetic
control. 2%

In principal, any well-controlled
chemical reaction with or without cata-
lysts involving a gaseous production can
be engaged in such kind of self-propelled
microengines working in corresponding
liquid fuel. However, probably due to the
simple chemical mechanism and the high
efficiency of the catalytic decomposition
of H,O, by noble metals, the reaction is
used in almost all the catalytic tubular
microengines until recently when a bio-
catalytic microengine was demon-
strated.? In this microengine, a Au layer
formed the inner surface of the tubular
chamber by rolling a Ti/Au bi-layer
nanomembrane and the Au layer is
further functionalized by a self-assembled
monolayer (SAM) of 3-mercaptopro-
pionic acid (3-MPA). The carboxylic
terminal groups of the SAMs were con-
verted to amine-reactive esters by the
coupling agents 1-ethyl-3-[3-dimethyla-
minopropyl] carbodiimide hydrochloride
and  N-hydroxylsulfosuccinimide to
covalently bind the protein (i.e. catalase)
via carbodiimide reaction.** As one of the
most efficient enzymes, catalase has the
ability to decompose millions of H,O,
molecules per second,**** and the effi-
ciency is found to be even higher than that
of the metallic catalyst. Experimental
results exhibited that gas can be produced
in H,O, solution with very low concen-
tration to propel the microengine.
Microengines harvesting energy from
other chemical reactions can be expected
in the future.

When a catalytic tubular microengine is
immersed into the fuel (i.e. H,O, solution
so far), the gas is produced at the nucle-
ation site on the surface of the catalyst
(noble metals or catalase) and then
collected by the cavity forming micro-
bubbles. The constraint of the channel
make the microbubbles become gas slugs
which cut the adjacent solution into liquid
slugs. As we know, the geometries of mi-
croengines are conical channels due to the
imperfection in the rolling process or by
intended design.?*2"-3° Thus, the different
Laplace pressures between both menisci
of such liquid slugs drag them to the end
of tubular structure with a smaller diam-
eter, while the gas slugs are moved along
the opposite direction towards the larger
opening.*** The microbubble is ulti-
mately expelled, and thrusts the micro-
engine forward one step.**?*¥ This
process is the key to understanding the
mechanism of the locomotion in one step
at low Reynolds number. Previous inves-
tigation based on the experimental
observation preliminarily disclosed that
the average speed of microengine is
approximately equal to the product of the
bubble radius and expulsion frequency.*
Based on this idea, the dynamics of the
microengine are quantitatively described
by a recently established body-deforma-
tion model.*® In this model, the micro-
engine and the microbubble are
considered to be one system, as displayed
in Fig. 4. The system experiencing a cyclic
deformation from “microengine with
a bubble inside” to “microengine with
a detached bubble” in one step of auton-
omous motion can be divided into four
stages. Firstly, the catalytic reaction in the
cavity produces a gaseous bubble
migrating along the channel axis to the

large opening (stage 1 in Fig. 4(a)),*” and
this does not generate driving force.*® The
microengine thrusts only when the gas
bubbles starts to be expelled out of the
cavity through the opening (1 = #).3%
After time point £, the bubble is consid-
ered to move with a speed of vy,(¢) caused
by the pressure in the cavity, and the
recoiling force pushes the microengine to
move in opposite direction with
a increasing speed of v.(f) (stage 2 in
Fig. 4(a)). The separating movements of
both microengine and bubble continue
until the moment of detachment (stage 3
in Fig. 4(a)). Observations demonstrate
that after detachment the viscosity forces
on the microengine (Fengine) and bubble
(Foubble) finally decrease vy,(7) and v(?) to
zero respectively and the system evolves
to stage 4 ( = t;). A one step autonomous
movement (from ¢y to ¢1) is thus accom-
plished.*® Calculation shows that the

.
I

3 -
I

v (body length/s)

,t(%}zs 30 . 50 w\\@
Fig. 4 (a) Schematic diagram of the body-
deformation model, illuminating the locomo-
tion in one step. The system makes a cyclic
change from “microengine with a bubble
inside” (stage 1) into “microengine with
a detached bubble” (stage 4) which causes the
motion of the microengine. The drag forces
acting on the microengine and the bubble are
Fengine and Fyyppie respectively. (b) Calculated
speed v in the form of body length/s as a func-
tion of R, and L.. Parameters used in the
calculation: n = 9.8 x 10*m s, Cy 0, = 5%,
and R, = R.. Adapted from ref. 46.
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moving distance in one step [ (see
Fig. 4(a)) can be expressed as

= r ve(r)dt

fo

6R?

3R, + L. / <ln (ZRL) - 0.72)

where Ry, is the bubble radius, L. and R,
are the length and radius of the tubular
cavity of microengine, respectively.*®
With the motion of the microengine, the
fuel is pumped into the cavity from the
front opening,* sustaining the chemical
reaction. As long as the microengine is
refilled, the moving process cycles to
achieve continuous locomotion. The
number of cycles accomplished in one
second is determined by the gas produced
and the volume of gas bubble, and
therefore, in the case of the microengine
driven by catalytic decomposition of
H,0,, the average speed of the micro-
engine v is

)

9YZCH202 ReLe

2L,
3R% + LeRb/ (ln (R—e) - 072)

where Cy,o, is the H>O, concentration
and n is the O, production rate. Fig. 4(b)
displays the calculated speed v in the form
of body length/s as a function of R. and
L., indicating a significant influence of the
microengine geometry on its dynamics.
One should note that although this model
is simple with some approximations,
a close agreement between the experi-
mental and calculated results is noted.*
The above model considers the move-
ment of the bubble along the axis of
tubular cavity and only the longitudinal
interaction is included, which therefore
leads to a linear motion behavior of the
microengine. However, the real situation
could be complicated. For instance, due
to the imperfection in the geometry, the
cavity may be slightly curved and the
opening may not be ideally circular. The
expelling of the gas bubble thus deviates
from the cavity axis, resulting in different
movement behaviors, as reflected by the
visualizing trajectories consisting of mi-
crobubble tails (see Fig. 5).2* In addi-
tion, during rapid production of gas,
bubbles could be expelled from the front
side of the microengine,** which may
remarkably  influence its  motion
status.*** The excitation of eddy flows at

v

high speed disturbing the linear motion of
the microengine was also witnessed
recently.*!

Motion control of microengines

The engines in the real world should be
controlled, and this requirement is also
applicable to microengines performing
tasks in the micro-/nano-world, e.g. in
lab-on-a-chip  applications.®  Several
approaches have been developed for
regulating the speed and controlling the
direction of the catalytic tubular
microengines.

Speed control. For a certain micro-
engine, the motion speed is actually
determined by the gas production. Hence,
it is natural to assume the speed is con-
nected to the fuel concentration,?® which
is proved by the above model if the gas
production rate in catalytic decomposi-
tion is a constant (see eqn (2)). However,
a linear dependence cannot always be
observed due to the limitation in catalyst
surface area or intrinsic turnover rate at
high fuel concentration, and a speed
maximum can only be reached at an
optimal fuel concentration.?®*’ In the
microengine with an inner Pt surface, the
hydrophobic nature of Pt refrains from
intimate contact with the aqueous fuel
solution. Introduction of surfactant
effectively reduces the surface tension of
the liquid and leads to a better wetting of
the Pt surface. This promotes the gas
production rate and consequently accel-
erates the microengine.>**47  With
increasing surfactant concentration, the
surface tension becomes constant,*® and
the formed surfactant aggregates may
occupy the active sites of the catalyst
surface, leading to a decrease of speed.*’
Furthermore, it is well known that the gas
production rate is accelerated at higher
temperatures. This temperature depen-
dence has been exploited towards
a dramatic acceleration of catalytic
tubular microengine (up to 200 body
lengths/s) even in a very low fuel concen-
tration by heating the fuel solution to
physiological temperature, relevant to
bioapplications.*! In reverse, by cooling
the fuel solution, the microengines can be
completely brought to a halt at ~2 °C.*
In fact, low temperature is not the only
way to shut off the microengine. It was
reported recently that light illumination

can be engaged to control the microengine
movement around a Pt layer.* The illu-
mination of the H,O, solution with light
in the presence of a Pt layer diminishes the
concentration of fuel and degrades the
surfactant in the vicinity, reducing the
reaction rate in the nearby microengine,
and in turn contributes to the turning off
of the microengine. The effect becomes
remarkable if the distance between the
microengine and Pt layer is small or the
light wavelength is short.*

Direction control. Magnetic guidance
represents a common and convenient way
to control the directionality of self-
propelled microengines.>427-3%47:5%:51 Thjg
involves the incorporation of a magnetic
layer (e.g. Ni, Fe, or Co) into the tube wall
and application of an external magnetic
field.2+27:3947:5051 OQptical microscopy on
a working catalytic tubular microengine
with a magnetic layer clearly demon-
strated that it can be turned or rotated,
suggesting the microengine is remotely
controllable.?*2%273%51 If the magnetic
field is rotating with a constant frequency
£, the microengine previously moving in
straight line with speed of v will be local-
ized in circular trajectory with radius r =
vI(27tf), which means the localization
radius decreases with increasing the
rotating frequency.*® A more accurate
control has recently been achieved by
a combination of magnetic field manipu-
lation and microfluidic channel confine-
ment.>>>> The microengine in the
microchannel exhibits a similar locomo-
tion behavior to those in free bulk solu-
tion, and the energy harvested from the
chemical reaction is high enough to
support a self-propelling against the
flowing stream in the microchannel.>?

Self-assembly at the interface. The
catalytic tubular microengines normally
swim in the fuel liquid. However, if the
density of the fuel is increased on purpose
by mixing with a medium of high
density,** the increased buoyancy force
may lift the microengine to the surface of
the liquid, and therefore the air/liquid
interface can significantly influence the
motion behavior of the microengine.>
Micro-objects such as bubbles produced
by the microengine itself or a glass capil-
lary create curved interfaces which can
attract the microengine due to the
meniscus-climbing effect, as in the
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Fig. 5 Trajectories of microbubble tails for different motions. Adapted from ref. 39.

behavior of water striders.?***%* The
balance between the capillary and recoil-
ing forces further determines assembly
and disassembly of the microengines. An
experiment was carried out to demon-
strate this dynamic self-assembly process.
Once the glass capillary is immersed into
the liquid fuel, microengines run towards
the capillary and attach to it. When the
capillary is removed from the liquid, mi-
croengines move away randomly. One
may infer that the motion of the micro-
engine can be manipulated by introducing
artificial air/liquid interfaces.

Potential applications

The high propulsion power and large tow-
ing forces displayed by tubular micro-
engines in unprocessed biological fluids
hold considerable promise for diverse
practical applications. So far, the catalytic
tubular microengines demonstrate very
good ability in cargo transportation.?**
Experiments showed that the cargo can be
loaded by physical means, for example,
magnetic force.** In addition, since the
liquid is pumped into the front opening
when the microengine is working,*® cargos
located close enough to the opening will be
adsorbed and move with the microengine.*’
The moving direction of the microengine
can be controlled by a magnetic field to
realize multi-loading of polystyrene micro-
particles, as demonstrated in Fig. 6(a).

When the microengine and the cargos are
directed by the magnetic field to the desti-
nation, cargo delivery is performed by
a rapid rotation of the magnetic field.*’
During the transportation, the attachment
between the cargo and the microengine is
also physical without any selectivity, so
different objects such as non-magnetic
metallic plates*’ and cells®® can be trans-
ported. To achieve complex tasks in
biology, loading with selectivity is required.
Researchers have successfully functional-
ized the outer surface of the microengine for
selective bonding of biomaterials 25155
As displayed in the insets of Fig. 1(a), after

po (a)
Kot
oY

(b)

¥

m
L#

Fig. 6 (a) Optical microscopy images of mi-
croengine loading and transporting 44 poly-
styrene microparticles. Adapted from ref. 47.
(b) Optical microscopy images of an anti-CEA
mAb-modified  microengine  transporting
a CEA+ pancreatic cancer cell in serum.
Adapted from ref. 26.

coating with a thin Au layer, the micro-
engine is functionalized with anti-carci-
noembryonic antigen (anti-CEA)
monoclonal antibody (mAb). The motion
of the functionalized microengine in serum
with dilute H,O, can selectively bind to
target cancer cells (Fig. 1(a)) and then
effectively transport them in serum to
destination with the help of magnetic field
as shown in Fig. 6(b).?¢ Similar approaches
involving microengines functionalized with
different bioreceptors, such as oligonucle-
otides, aptamers or lectins, have been used
recently to enable rapid and selective
transportation or isolation of nucleic acid,
protein, and bacterial targets,
respectively,2327-51:55

Conclusions and outlook

This highlight article has summarized
recent advances involving catalytic
tubular microengines which harvest
energy from chemical reactions. The
catalytic material as the inner surface of
the microtubular cavity accelerates the gas
production by fuel decomposition and the
recoiling force of accumulated gas bubbles
expelling out of the cavity propels the
microengine. The dynamics of the loco-
motion at low Reynolds number is found
to be determined by the recoiling force and
drag force which are connected with the
surrounding chemical environment and
the geometry of the microengine. The
motion speed and direction of a micro-
engine can be well controlled by external
efforts to fulfil complex tasks. Overall, the
composition and morphology of the mi-
croengine thus play a key role in its overall
performance and capabilities.

Future developments in the field lie in
several aspects. First, the fabrication tech-
nologies can be improved to fabricate
complicated three-dimensional structures in
a controllable way, because the geometry of
the microengine significantly influences the
dynamics. The uniformity of the structures
will also be very important for parallel mass
production. Second, new catalysts or new
(e.g., hierarchical) catalytic structures—
used in energy conversion—should be
explored for high efficiency. Although the
catalytic decomposition of H>O, can be
highly efficient, reliance on H,O, fuel
should be avoided in practical biological
applications (particularly in vivo). There-
fore, microengines engaging other catalysts
or chemical reactions for efficient gas
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production are of practical importance.
Third, modifying microengines with more
functions to perform transportation and
isolation tasks is very promising. It is
anticipated that transportation of different
targets or multiplexed detection will come
into reality by using microengines func-
tionalized with different bioreceptors,
which may ultimately result in numerous
practical applications like biomedical diag-
nostics and environmental monitoring, efc.
Finally, intelligent microengines could be
developed. The self-assembly process of the
microengines indicates the task can be
accomplished by a group of microengines as
a collective behavior rather than by an
individual microengine. As demonstrated in
Fig. 1(b), the conceptual “smart” micro-
engine system may have the communication
unit so that they can collaborate with each
other to accomplish challenging tasks.?®
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